Ependymoma (EPN) is a common brain tumor of childhood that, despite standard surgery and radiation therapy, has a relapse rate of 50%. Clinical trials have been unsuccessful in improving outcome by addition of chemotherapy, and identification of novel therapeutics has been hampered by a lack of in vitro and in vivo models. We describe 2 unique EPN cell lines (811 and 928) derived from recurrent intracranial metastases. Both cell lines harbor the high-risk chromosome 1q gain (1qþ) and a derivative chromosome 6, and both are classified as molecular group A according to transcriptomic analysis. Transcriptional enrichment of extracellular matrix-related genes was a common signature of corresponding primary tumors and cell lines in both monolayer and 3D formats. EPN cell lines, when cultured in 3D format, clustered closer to the primary tumors with better fidelity of EPN-specific transcripts than when grown as a monolayer. Additionally, 3D culture revealed ependymal rosette formation and cilia-related ontologies, similar to in situ tumors. Our data confirm the validity of the 811 and 928 cell lines as representative models of intracranial, posterior fossa 1qþ EPN, which holds potential to advance translational science for patients affected by this tumor.
INTRODUCTION
Ependymoma (EPN) is the third most common pediatric CNS tumor. Nearly half of newly diagnosed patients will recur after maximally safe surgical resection and focal radiation, and most patients who relapse will not be cured (1, 2) . Ninety percent of childhood EPNs arise intracranially, and approximately two thirds of these occur in the posterior fossa (PF) (3) . Novel therapeutic strategies are needed for EPN, but development of such agents has been hampered by a lack of cell lines, xenografts, or other animal models. Clinical trials based on preclinical modeling have been proposed for other pediatric brain tumors. Preclinical high-throughput drug screens using EPN cell lines have the potential to inform the design of such trials for EPN.
The prognostic impact of tumor grade (World Health Organization [WHO] grade II versus III) on EPN outcome is not clear (4) . Recent studies have focused on molecularly classifying EPNs and have defined distinct molecular groups. The 2 main groups of PF EPNs are groups A and B, which have distinct biological phenotypes and clinical outcomes. Group A tumors exhibit more aggressive biology and a higher risk of recurrence (5) (6) (7) . Numerous molecular markers have been reported to affect prognosis; to date, gain of chromosome 1q (1qþ) has proven to be the most consistent poor prognostic marker. 1qþ is commonly found in WHO grade III tumors (2, 8, 9) and was confirmed by multiple groups as an independent adverse prognostic marker not only for recurrence risk, but also overall survival (10, 11) . PF EPNs are distinct from supratentorial (ST) EPNs and harbor no driving mutations, unlike ST EPNs that often harbor RELA or YAP fusions (4) . Children with 1qþ EPNs do not seem to benefit from the standard therapeutic approach that includes surgery and radiation.
Here, we describe 2 new pediatric EPN cell lines (811 and 928) that may serve as powerful research tools. We show that these cells lines, harvested from children with recurrent intracranial metastatic EPNs, show morphological, genetic, and molecular similarities to their primary disease. Their chromosomal gain of 1q and retained characteristics of PF molecular group A make them ideal tools to identify clinically relevant vulnerabilities in high-risk EPN.
MATERIALS AND METHODS

Cell Line Establishment and Propagation
Cell line 811 was derived from a 6-year-old boy, who received standard focal radiation therapy at diagnosis. He experienced local recurrences at 9 and 16 months and intracranial metastatic recurrences at 31 and 36 months from diagnosis; cell lines were established from the third and fourth recurrences (811_4 and 811_5). Cell line 928 was derived from a 3-year-old boy, who received therapy on a clinical trial (ACNS0831) with chemotherapy and radiation therapy at diagnosis. He experienced local recurrence at 32 months and metastatic recurrences to the spine at 34 and 41 months from diagnosis; cell lines were derived from spinal recurrences (928_3 and 928_4). Fresh tumor samples were collected during surgery in Neurobasal-A media (Life Technologies, Grand Island, NY) and immediately disaggregated as described previously (12) . Briefly, a razor was used to mince resected tumor that was further triturated by vigorous pipetting. A 70-lm cell strainer was used to filter out clumped tumor, resulting in a single-cell suspension. Cells were plated in Optimem media supplemented with 15% fetal bovine serum (Gibco, Carlsbad, CA) and cultured in either (1) ultralow attachment plates (Corning, Inc., Corning, NY) to form nonadherent cultures referred to as "3D cultures" in the text, or (2) using standard tissue culture treated plates to generate adherent monolayer cultures. A third stem cell culture format was generated by culturing single cells in standard serumfree media (Neurobasal-A media containing B27, Glutamax, L-glutamine, HEPES, EGF, and FGF [Gibco]) referred to as "neurospheres." Both EPN cell lines were passaged up to 20 times, however, later passages (>20) in monolayer format tended to exhibit a decreased rate in growth and more elongated morphology with lower cell density. As such, these EPN cell lines are not as stable as other brain tumor cell lines established from more aggressive tumors, for example U251-MG and Daoy. Adult glioblastoma (GBM) cell line U87 and atypical teratoid/rhabdoid tumor (AT/RT) cell line 737 were also cultured in monolayer and 3D culture serum media formats, as well as neurosphere serum-free formats. All patient samples were obtained from Children's Hospital Colorado in accordance with local and federal human research protection guidelines and Institutional Review Board regulations (COMIRB 95-500 and #09-0906). All experiments described were conducted within the first 10 passages of 811 and 928 in all culture formats.
Immunohistochemistry
Antibody immunostaining of 5-mm formalin-fixed, paraffin-embedded tumor tissue sections was performed for calcyphosine (Novus, Littleton, CO; NBP1-91746; 1:200 dilution), C9orf24 (Sigma, St. Louis, MO; HPA053008, 1:20 dilution), epithelial membrane antigen (EMA), clone E29 (DAKO Corp., Carpinteria, CA; M0613; 1:100 dilution), glial fibrillary acidic protein (GFAP) (DAKO Corp.; M0761; 1:100 dilution), and MIB-1 (DAKO Corp., monoclonal, 1:400 dilution). For calcyphosine and C9orf24, antigen retrieval required 10 mM sodium citrate pH 6.0 for 10 minutes at 110 C. High pH antigen retrieval was performed for GFAP and MIB-1 and Ventana CC1 antigen retrieval for EMA. All immunostained sections were counterstained with hematoxylin.
Cytogenetics
Karyotype analysis was performed at the Colorado Genetics Laboratory (Denver, CO). Monolayer cell cultures in log-phase growth were harvested by standard cytogenetics methods after mitotic arrest with colcemid (0.05 mg/mL) for 4 hours and enzymatic dispersal with trypsin/EDTA. Cell suspensions were spotted onto microscope glass slides, and G-banding metaphase spreads images were acquired and analyzed. At least 20 metaphases were analyzed for each cell line, and karyotyping designation followed the International System for Human Cytogenetic Nomenclature (13) .
Gene Expression Microarray Analysis
RNA was isolated from samples and analyzed to generate transcriptomic microarray profiles using Affymetrix HG-U133 Plus 2 GeneChip microarrays (Affymetrix, Santa Clara, CA) as previously described (14) . A panel of established cell lines and short-term cultures were included for comparative purposes, including 3 AT/RT (737, a cell line that was previously established in our laboratory, BT12 and BT16) (15), 3 GBM (pediatric line SF188 and adult lines U251-MG and U87
[ATCC]), 2 medulloblastoma (MED) (Daoy, ONS76), 1 normal human astrocyte short-term culture (Lonza, Allendale, NJ), and 1 fibroblast short-term culture established from CNS surgical material.
Additional patient samples were used for comparative transcriptomic analyses. A total of 25 primary EPN tumor samples were studied, including 10 PF group A, 10 group B, and 5 ST that had been classified by molecular group in a prior study (5) . We also included the 4 recurrent tumor samples from which the cell lines were derived. Fifty-five additional samples, including normal brain or other primary brain tumors (10 AT/RT, 10 GBM, 15 MED, and 10 pilocytic astrocytoma) were used for further comparison. Tumor specimens were classified according to WHO international histological tumor classification (9) . Nonneoplastic brain samples (n ¼ 10) were collected from routine epilepsy surgery (1 frontal lobe) or autopsy (4 cerebellum, 2 frontal lobe, 1 occipital lobe, and 1 temporal lobe) at Children's Hospital Colorado. One cerebellum sample was from a commercial source (Ambion, Naugatuck, CT). Patient samples were collected at the time of surgery and snap frozen in liquid nitrogen, fixed in formalin-fixed paraffin-embedded tissue, and used to establish cell cultures as described above.
Data Transformation and Analysis
Transcriptomic data was processing, unsupervised hierarchical clustering and gene ontology analysis as described previously (16) . These data have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus (GEO) database (17) and are publicly accessible through GEO Series accession number GSE86574 (http:// www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc¼GSE86574).
Statistical Analysis
Statistical analyses were performed using GraphPad Prism (La Jolla, CA) and Excel Microsoft Excel software. For all tests, significance was defined as a p < 0.05.
RESULTS
Morphology of EPN Cell Lines Grown In Different Culture Formats
Phase contrast microscopy of EPN cell lines grown in monolayer and 3D formats was performed. The monolayer tissue culture showed complete loss of ependymal architecture with angular discohesive cells and clusters containing welldefined cell borders (Fig. 1A) . Culture of both EPN cell lines in FBS supplemented media in ultra-low attachment plates resulted in large nonadherent, multi-cellular aggregates with distinctive interconnected branch-like structures that were maintained throughout multiple (>10) passages (Fig. 1B) . This unique branching morphology appears unique to EPN, as ATRT cell line 737 and GBM cell line U87 formed classic neurospheres under similar culture conditions.
Histological Comparison of In Vitro Cell Lines With In Situ Tumor of Origin
Corresponding in situ EPN patient samples and EPN cell lines in monolayer and 3D formats were fixed and paraffin-embedded for hematoxylin and eosin (H&E) staining to examine finer histological features. Both 811 and 928 in situ patient samples were classified as WHO grade III EPN. Sections of the patient's tumors ( Fig Fig. S3 ). The reduced mitotic activity observed in monolayer cultures of both cell lines despite propagation in the same media as 3D cultures suggests that maintenance of architecture contributes to proliferation rate in EPN.
We used 2 immunostains routinely employed for pathological diagnosis of EPN (EMA and GFAP) to confirm preservation of EPN characteristics between in situ tumor and corresponding 3D and monolayer culture formats. EPN in situ tumor demonstrated focal, luminal pattern EMA cytoplasmic staining (Fig. 2D ) that was conserved in 3D culture format (Fig. 2E) . EPN cell lines in monolayer format in vitro, however, showed irregularly increased EMA cytoplasmic positivity when compared to the in situ section (Fig. 2F) . EPN in situ tumor demonstrated GFAP immunoreactivity in fibrillary material and perivascular nuclear-free zones (Fig. 2G) . EPN cell lines cultured in 3D format demonstrated accentuated GFAP expression within the fibrillary material (Fig. 2H ), but this was almost completely absent in EPN monolayer (Fig. 2I) .
Conventional cytogenetic analysis of EPN cells lines revealed similar karyotypes to the primary tumors. The predominant clone of 811 harbored a derivative chromosome 6 resulting from a translocation between the long (q) arm of chromosomes 1 and 6 (resulting in 1qþ and loss of 6q), gain of 1 copy of chromosomes 7 and 9, and a deletion of 10q (Table 1A) . Cell line 928 also harbored translocation between long arms of chromosome 1 and 6, also resulting in 1qþ and loss of 6q, but with no other abnormal chromosomes.
EPN Cell Lines Harbor Molecular Group a Transcriptional Profiles That Correlate With Chromosomal Gains/Losses
NMF clustering analysis of transcriptional profiles of 811 and 928 EPN monolayers revealed that they both clustered with EPN molecular group A (Supplementary Data Fig.   S1 ). Further transcriptomic analysis was performed to identify EPN cell line-specific gene expression patterns. Transcriptomic profiles from cell lines grown as monolayer for 811 (n ¼ 4) and 928 (n ¼ 2) were compared to a panel of nonEPN brain tumor cell lines and normal cell short-term cultures, namely ATRTs (BT12, BT16, and 737, n ¼ 5), GBM (SF188, U251, and U87; n ¼ 3), MED (Daoy, ONS76; n ¼ 2), normal human astrocytes (n ¼ 1), and fibroblasts (n ¼ 1). Genes that were significantly differentially expressed >4-fold in either direction were subject to DAVID analysis to identify enrichment or depletion of genes with respect to location on individ- (Table 1B) . Conversely, genes under-expressed in 811 corresponded to those on chromosome 6 and cytoband 6q21. This enrichment and depletion of chromosomal specific gene expression correspond directly to chromosomal gains and losses seen in the 811 karyotype (Table 1A) . Analysis of 928 also showed specific enrichment of genes coded in chromosome 1 and a loss of genes coded within chromosome 6, corresponding to gains and losses seen in the 928 karyotype (Table 1A) . In summary, chromosomal aberrations correspond to observed transcriptomic effects in both EPN cell lines.
Superior Fidelity of EPN Cell Lines Maintained In 3D Culture Format
Histologic analysis of in vitro EPN cell lines identified features that recapitulate human EPN tumor histology in situ, most notably formation of canal-like features in 3D cultures (Fig. 2) . To further assess the fidelity of EPN cell lines versus EPN tumor in situ, we compared their transcriptomic profiles. Transcriptomic profiles of 26 in vitro cultures and 84 in situ samples (including a panel of pediatric brain tumors and normal brain types) were subjected to unsupervised hierarchical clustering. In this analysis, samples segregated into 2 main groups: an in vitro cluster and a second larger cluster that included all in situ brain tumor and normal brain (Fig. 3A) . The second group separated into subclusters that showed concordance to diagnosis. Monolayer formats of 811 and 928 clustered within the main in vitro cluster containing all other brain tumor cell lines. However, 3D cultures of 811 and 928 clustered within the PF EPN in situ subcluster, and more specifically alongside the in situ tumor samples from which they were established. Interestingly, other 3D cultures generated from adult GBM (U87) and pediatric AT/RT (737) clustered within the main in vitro cell culture group and not with the corresponding in situ tumor samples. Unexpectedly, when cultured under nonadherent conditions using serum-free stem cell culture conditions, which are generally considered to generate higher fidelity in vitro models, 811 did not cluster with primary in situ tumor but instead with in vitro EPN monolayer.
A second transcriptomic analysis was performed to assess conservation of EPN-specific gene expression between EPN cell cultures and in situ tumor. EPN monolayer cell linespecific gene expression signatures were measured by comparing EPN monolayer gene expression profiles from both cell lines to nonEPN in vitro monolayer culture gene expression. p Values were used to quantify the difference in expression of individual genes between the 2 groups for each probe set (n ¼ 54 675). p Values were converted to Log10 values and then, to assign directionality, were given a negative value if overexpressed in EPN versus others and a positive value if under expressed in EPN versus others. For comparison, an in situ EPN tumor gene expression profile was generated by comparing EPN (n ¼ 29) to other tumor types (n ¼ 55), and the gene expression signature was assigned directionality as described above. Correlation (Pearson's R) between EPN monolayer and EPN in situ tumor was then measured using Prism statistical software. The same approach was used to generate an EPN 3D culture-specific gene expression signature that could be compared with EPN in situ tumor. EPN monolayer and in situ tumor gene expression profiles showed a positive correlation (Pearson's R ¼ 0.25; p < 0.0001) (Fig. 3B) . The significant overlap in gene expression patterns between in vitro monolayer and in situ EPN indicates conservation of underlying EPN-specific pathobiology, despite the transcriptomic disparities identified by hierarchical clustering. EPN 3D culture showed an even stronger correlation with EPN in situ tumor (Pearson's R ¼ 0.5; p < 0.0001) (Fig. 3C) further confirming the greater fidelity of 3D culture to in situ tumor.
In Situ EPN Cilia Related Gene Signature Is Conserved In 3D Culture
Transcriptional comparisons demonstrate preservation of gene expression patterns between EPN in vitro cell cultures and in situ tumor. We further explored these similarities to identify common biological processes that underlie conserved features. Ontological gene set enrichment defined by Gene Ontology GOTerms was measured in genes that were significantly overexpressed greater that 4-fold in EPN in situ tumor, 3D cultures, and monolayers. The top 10 enriched GOTerm gene sets ranked by false discovery rate were compared (Table 2 ). This analysis Table S1 ). We then examined expression of these genes in in vitro 3D and monolayer cultures. Conservation of EPN in situ hallmark genes was seen in 3D cultures but to a lesser extent in monolayers. EPN in situ hallmark genes calcyphosine and C9orf24 were selected for further study by immunohistochemstry, based on their conservation in 3D cultures and availability of effective antibodies. Calcyphosine and C9orf24 each have documented roles in cilia formation and function (18) (19) (20) . Localization and expression of these proteins was examined in 3D and monolayer cell cultures and corresponding in situ tumor samples of both 811 and 928 (Fig. 4) . 3D, but not monolayer, cultures retain calcyphosine immunoreactivity, as seen in corresponding in situ tumor (Fig. 4A-C) . C9orf24 expression was restricted to the nucleus in EPN tumor in situ. This expression pattern was retained in 3D culture but reduced in monolayer cultures (Fig. 4D-F) . Collectively, gene and protein expression analyses demonstrate that cilia-related gene and protein expression is a predominant biological hallmark of EPN that was conserved between 3D cultures and in situ tumors.
DISCUSSION
A Review of the Literature Highlights the Rarity of EPN Cell Lines
EPN is a childhood brain tumor that exhibits a high rate of recurrence despite aggressive therapy.
Preclinical development of novel therapies has been stymied by a near complete lack of appropriate disease models. In vitro EPN models have been reported sporadically in the literature, though the majority describe short-term cultures (passaged fewer than 10 times) that were predominantly established from ST EPN (21-24). Yu et al described a well-characterized permanent EPN cell line generated from a ST EPN recurrence that has been passaged over 70 times (25) . Subcutaneous xenograft mouse models have also been described (26) (27) (28) . One such study reported a xenograft model derived from a PF EPN recurrence with 1qþ and loss of chromosome 6 on which a number of preclinical studies were performed (26, 29, 30) . Here, we describe 2 novel EPN cell lines, 811 and 928, that represent the most aggressive form of this disease. Both lines were generated from intracranial metastatic recurrences of PF EPN that harbor 1qþ and molecular group A characteristics, both prognostic markers of high-risk in EPN. Our success in establishing these lines potentially stems from altered biology that confers more favorable establishment: 811 and 928 were derived from tumor that is multiply recurrent and collected from sites of intracranial metastasis rather than primary tumor. In contrast, our laboratory has attempted to establish cell lines from first occurrence EPN cases for almost 20 years ($50 cases), none of which yielded a stable cell line. We are currently trying to optimize xenograft models using our cells lines. We have had some successful xenografts into the ventricular spaces as confirmed by MRI imaging, however, we have not been able to have a consistent rate of success within each study. Both cell lines exhibited a derivative chromosome 6 resulting from translocation between chromosomes 1q and 6q. Cell line 811 harbored additional gains of chromosomes 7 and 9. Transcriptomic analysis of cell lines revealed a corresponding enrichment and/or depletion of expression in genes associated with these chromosomal aberrations that were specific for each cell line. This "chromosomal dosage" effect may imply that the phenotypic effect of copy number gain or loss drives aggressiveness in EPN that is associated with 1q gain. Correlation of copy number variation with gene expression levels was recently described in a meta-analysis of several thousand cancer mRNA transcriptomes with known somatic copy number alterations (31) . After correcting for nongenetic transcription expression, this cancer-wide study showed that gene expression correlated positively with copy number. Our finding that EPNs demonstrate "gene dosage effect" provides strong rationale for followup investigation in the search for candidate driver genes. Such an approach was used to screen areas of copy number gain and loss in an in vivo mouse model of ST EPN, which identified novel EPN-specific oncogenes and tumor suppressors (32) . Similarly, the EPN cell lines described in this study provide a model in which siRNA or CRISPR pools could be focused to conserved areas of chromosomal alteration, notably 1q gain and 6q loss, for high-throughput screening of oncogenic drivers in high-risk PF EPN.
EPN cell lines differed in their fidelity with primary disease depending on culture format, which has implications on the utility of cell lines as a relevant EPN model. Both 811 and 928 grouped with other pediatric (and adult) cell lines in their adherent and serum-free neurosphere formats by transcriptomic hierarchical clustering analysis. However, 3D cultures, despite propagation in high serum media, showed greater transcriptomic similarity to primary disease, grouping with EPN primary tumor samples. Analysis of gene function associated with primary EPN and different cell culture formats showed cilia related genes to be the predominant ontology associated with both primary and 3D culture. Consistent with this, 3D cultures showed conservation of EPN in situ tumor hallmark genes calcyphosine and C9orf24, both epithelial cell and ciliaassociated genes. Proteomic analysis of EPN had previously identified calcyphosine as an EPN-specific marker that was not related to histologic grade or location of the EPNs, but was predominantly shown in tumors with epithelial differentiation (19) . Consistent with this prior study, we saw calcyphosine protein expression in epithelial cells of both in situ and 3D culture EPN. C9orf24 has previously been described as a regulator of ciliogenesis and/or the intracellular function of cilia (20) . This protein was expressed similarly to calcyphosine, where expression of C9orf24 was found in columnar epithelial cells in our in situ tumor and 3D culture format. Despite recent research designating decreased ciliogenesis as a biomarker for aggressive forms of EPN (18) , ciliogenesis is still a predominant signature of and likely plays a crucial role in the specific biology of EPN. This ciliogenesis-associated gene signature is almost certainly due to retention of ciliogenesis-associated properties of ependyma, the putative cell of origin of EPN. Although ciliogenesis is "increased" in our hallmark signature of EPN, we suspect that the level of ciliogenesis in EPN is decreased compared to normal ependymal. Monolayer cells lack the expression of these epithelial cell-related proteins, likely due to the absence of complex multicellular morphology, including epithelial differentiation seen in corresponding primary and 3D cultures. Collectively, these data suggest that the presence of epithelial cell morphology in 3D cultures is the main determinant of fidelity with in situ tumor in EPN. Furthermore, the 3D culture format may be superior to monolayer cultures for preclinical therapeutic testing in EPN. Despite this, the monolayer format still has value, as it maintains other key EPN-specific biological phenotypes. Notably, transcriptomic studies showed that EPN monolayers clustered with high-risk PF molecular group A and conservation of extracellular matrix gene expression, a hallmark of in situ EPN. Furthermore, monolayer cells demonstrate strong correlation of copy number gains and losses with gene expression. This is important given that monolayer cells are better suited for high-throughput screening and downstream studies than 3D cultures.
Characterization of our 1qþ group A EPN cell lines sheds light on the underlying biology of EPN and demonstrates their value as models for preclinical testing and development of novel therapeutic strategies for this devastating disease.
